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Abstract 
Because of the advantage of the specific properties of CFRPs compared to metals, these materials are used in several industrial 
sectors from mechanical engineering, energy engineering over aerospace to manufactures of sports equipment. Common to all these 
fields of application is a relative low volume and a high amount of manual production. This is equivalent to the current use of 
CFRPs in the automotive industry, which mainly concentrates on small volume productions of sports cars or electric vehicles. 
If CFRPs should find their way into higher volume productions, an automated production and assembly process must be ensured. 
Therefore a profound knowledge about the dimensional stability of single parts and assemblies is required. Most of the scientific 
publications however deal with the deviation of the actual geometry compared to the nominal geometry and the resulting measures 
to correct production process. Therefore different methods exist to approximately quantify the dimensional stability of parts made 
of CFRPs. One solution is to conduct FE-analysis (finite element analysis) which simulates the properties and interaction of 
different layers and materials of a part [1]. A second solution is according to Dong [2] the abstraction of the geometry in fast 
solvable analytic formulas. 
The variance of the results is not under a comparable attention although Bohn [3] worked out the importance of dimensional 
management for the automotive industry and the variations even within one material system. Changing this system, especially 
towards CFRPs, raises the complexity as there are is up to now much less experience in the automotive industry. 
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1. Carbon Fiber Reinforced Plastic in the automotive 
industrya 
Automobile manufacturer face the great challenges 
caused by partial contradictory requirements. Within the 
field of quality cost and time emerge due to additional 
customers’ needs for comfortable and safe cars. These 
requirements are in direct competition with carbon 
dioxide reduction, which are demanded by governmental 
organizations for instance. In answer to these the number 
of cars driven by a hybrid powertrain, which combines a 
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conventional combustion engine with an electric 
machine, raises. 
In the field of car body the number of highly 
specialized materials with clearly improved mechanical 
properties increases because of the previous mentioned 
causes. In this regard steel still makes up the greater part 
of used material in car body design especially for 
structural components. A material system with excellent 
mechanical properties is carbon fiber reinforced plastics 
(CFRPs). Up to know they are mostly used for sports 
cars due to the low production volume. 
Besides the automotive industry CFPRs are mainly 
used in the aerospace industry and reaches a more and 
more important part for sports equipment. But common 
to both industrial fields the production volume is low 
due to the higher amount of manual production. 
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1.1. .CFRP in the automotive industry – current 
developments 
The efficient and productive use of CFRPs in the 
automotive industry depends on many factors. Out of a 
technical point of view the range of research and 
developments tasks include e.g. Finite-Element-Analysis 
(FEA) for dynamic problems, repair concepts or Class-
A-Capability [4]. The studies in the field of production 
cover as well different problems e.g. preforming [5], 
resin injection [6] or dimensional shift of the geometry 
during the production process. In this respect the 
geometry is the link between production of the parts and 
tolerance management. 
1.2. Tolerance management for CFRP-structures 
To establish CFRP-structures in serial production for 
small and middle volume cars there are several problems 
to solve. Tolerance management is one of these 
challenges. The reason for this can be found in the 
demanded quality of the product and the guarantee of 
automated production of the car body. Therefore 
tolerance management has to assign the acceptable 
deviations to a part or assembly considering material, 
production process and function. Throughout this paper 
only the situation for parts will be regarded. Assemblies 
depending on additional joining processes are not object 
of this paper. 
 
2. Requirements of the automotive industry 
Up to now the use of CFRP is restricted to small 
production volumes, because the applied technologies 
are not sufficient for larger quantities. The most 
promising production process for large areal parts is 
Resin Transfer Molding (RTM). The main advantages 
are possible short cycle time and potential for further 
automatization. 
Due to the production process parts show deviations 
and a shift in the geometry. To handle these production 
side effects a profound knowledge of the stable assembly 
of the part is necessary. For the first step adjustments of 
the tool can reduce the difference between the actual 
geometry and the data and the production plant can be 
adapted for that mean value shift. The variance of the 
parts puts high demands on the production and the 
assembly process. This is more important when the 
manufacturing process of the material and geometry are 
considered. For metals the process of the material 
production can, in a first step, be considered independent 
from the process of the geometry production. In contrast 
for composite parts the manufacturing process is the 
dominating factor for the simultaneously production of 
the material as well as the geometry. 
Fig. 1. Different integration of the production process to the 
manufacturing process of metals and CFRPs 
3. Requirements of the automotive industry 
The high number of possible variants of different 
resins, fibers and production parameters are the cause of 
a complex technical system which affects the deviation 
of CFRP-parts. These connections were investigated in 
several studies. 
3.1. Different approaches to account for the geometric 
deviations 
In [7] and [8] fundamental studies are conducted to 
investigate the geometric deviations. Based on these 
results the analytical descriptions were further developed 
with the focus on geometric simple structures. The 
handling of more complex structures is worked out in 
[9]. For that purpose complex geometry is split into 
basic forms, which can be expressed in analytical form 
again. The advantage of the analytical approach is the 
processing with the formulas which is, compared to the 
FEA, less time consuming in the simulation. 
However the advantage of FEA is the adaption to 
numerous three dimensionally curved parts. The FEA 
itself can be grouped into two different modes to build 
the simulation model. Within the first variant sections of 
the parts were extracted and computed. This method can 
especially be used for simple two dimensional parts like 
in the aviation. The successor of the first variant is the 
three dimensional simulation [10]. The three 
dimensional modeling includes two approaches to 
represent the geometry. On one hand the information of 
the plies containing all information about the mechanical 
properties is mapped to a shell element. On the other 
hand it is possible to simulate each ply, which is a good 
method to understand the behavior of the simulation 
model [11]. However the time for simulation rises with 
the information gained during the long lasting simulation 
run. Therefor this simulation approach is mainly used for 
small samples to detect special effects of the deviation. 
A combination of both approaches is given by 
Kleineberg [1], who utilizes a volume mesh in spring-in 
relevant locations of the parts with shell elements for the 
rest of the geometry. 
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3.2. Influence parameters on the deviation 
These parameters, which are relevant for the Spring-
in, can be grouped into different classes. [11] and [12] 
suggest the classification into intrinsic and extrinsic 
parameters. Intrinsic parameters are all factors regarding 
the material, e.g. coefficient of thermal expansion 
(CTE). Extrinsic parameters comprise the effects of the 
lay-up or the tool. 
Table 1 gives an overview about the main criteria 
divided into parameters concerning the part and its 
geometry and those relevant for the process. [12], [13], 
[14], [15]. 
Table 1. Influence parameters on the deviation 
Part / Geometry Process / Boundary 
conditions 
Thickness Tool (e.g. concept, material) 
Ply stack Release agent 
Fiber orientation Processing temperature 
Material properties (e.g. CTE)  
Fiber volume fraction  
Geometry (e.g. Radius / Thickness)  
3.3. Investigated Geometries 
Basic geometries are used to investigate the complex 
correlations of the geometric deviation. The most 
common samples are L- and C-profiles [12], [15], [16]. 
Using these generic structures two relevant modes of the 
deviation are worked out. The first mode, the spring-in, 
is a change in the angle between two adjacent surfaces. 
The second mode, the warpage, is the result of the 
bending of one surface itself [12]. Further developed 
samples are partly as superposition of the previous 
mentioned deviations and the geometry occurred [2], 
[13]. Thereby the deviation decreases with the rising 
geometric stiffness of the part. This is a phenomenon 
which is the same for metals [3]. Further complex 
samples are derived from aviation requirements, e.g. 
spars [1], [15]. 
3.4. Sensitivity analysis 
To work out the parameters, which are mainly 
responsible for the deviation, sensitivity analysis were 
conducted [10], [14], [17], [18]. In doing so parameters 
regarding the resin as well as the curing process feature a 
great influence of the process. However, the results are 
partly based on a given assumption of the input 
parameters, as the deviation was just a studying object of 
a mathematical optimization process. 
3.5. Remaining questions 
For the determination of the mean shift a small 
amount of identical samples is sufficient. The 
determination of the variance requires a much higher 
number of specimens. Fig. 2 shows the percentile error 
for a given example for the variance depending on the 
number of samples. Out of statistical reasons and the 
typical dimension of the deviation in the car body more 
than 200 tests have to be performed to reduce the error 
in the prediction of the variance to 10%. Single 
experiments aren’t sufficient for the variance, as the 
error of the prediction could be too high. 
Fig. 2. Influence of the amount of samples to the error of the prediction 
[19] 
Beyond that most of the current studied processes 
cannot be directly transferred to the needs of the 
automotive industry to investigate the variance of the 
deviation. Next to the amount of samples there are the 
level of automatization, the materials and therefore the 
processes with the corresponding parameters. 
4. Necessary steps for the assessment of the variance 
State of the art studies give a good understanding of 
the deviation of parts made from CFRP. The aim of the 
studies is to reduce the time and money consuming 
rework of the tool. So far the variance is not addressed 
or at least the results are not published – neither for the 
parameters causing the variance nor for the variance of 
parts itself. 
To get the values of the variance of the part these 
parameters have to be investigated which are in both 
kinds of studies – deviation and sensitivity analysis – 
identified as relevant input parameters. The challenge is 
to derive universally valid correlations based on the 
mechanical properties of the material and the process 
parameters. Thereto numerous tests with a statistic 
relevant amount of samples have to be performed to 
derive the reason of the geometric variance. 
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5. Conclusion 
Until know the focus of the studies was to describe 
the interdependency of the inner structure of the part and 
the outer boundary conditions to the geometric deviation 
to reduce a time and cost intensive rework of the tool. 
Basis for the tests were mainly requirements of the 
aerospace industry, which can be seen in the geometry of 
the samples, the materials and the processes. 
By changing the requirements especially in the 
direction of a higher automatisation of the process and 
the following assembly of the parts new tests to 
investigate the variance of CFRP-parts are mandatory. 
These results should be published to enter design 
guidelines and software tools to enhance the application 
of this material even for higher production volumes. 
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